Introduction
============

Tobacco is a model plant which belongs to solanaceae family and is being used also a bioreactor to introduce more genes to the plant to produce therapeutic proteins. For example, it is possible to produce up to 360 million doses of an anthrax vaccine in one acre of tobacco.[@R1] The generation of transgenic plants via *Agrobacterium*-mediated transformation or particle bombardment depends mainly on the standardization of an efficient tissue culture and regeneration protocol. The regeneration of plants in vitro via somatic embryogenesis (SE) has some distinct features such as single-cell origin, the consequent low frequency of chimeras and the production of a high number of regenerates.[@R2]^,^[@R3]

Normally in plants, embryo-like structures can be originating from cells other than gametes (i.e., somatic cells) by avoiding the normal fertilization process, hence the term somatic embryos.[@R4] As somatic embryos are formed without any fertilization event they are genetically identical to the parent tissue and are therefore clones. SE is generally two types one is indirect SE where the embryos form from callus phase. The other one is direct SE where the embryos are formed from organized tissue without an intervening callus phase.[@R5] SE is a very important tool in plant biotechnology and can be utilized in a number of ways.[@R6]^-^[@R8] SE can be used in genetic transformation studies. It can be used for studying molecular, regulatory and morphogenetic events in plant embryogenesis. For the production of large scale plants from the embryogenic line is the most commercially appealing application.[@R9] As with zygotic embryos, somatic embryos dormancy can be induced, hence long-term storage is possible. During regeneration, root and shoot formation is simultaneous thus eliminating the need for a root induction phase as with conventional micropropagation. SE can be used in the synthetic seed technology. Synthetic seeds have multiple advantages, including easy handling and transportation, potential long-term storage, higher scale-up capacity, uniformity in production, potential for automation of the whole production process, seeding of clonal varieties, and may provide a means for maintenance of elite germplasm.[@R10]

Here we attempted to regenerate tobacco by using direct SE pathway. The direct SE of tobacco was first reported by Stolarz[@R11] (1991); later Gill and Saxena[@R12] (1993) reported the SE in *Nicotiana tabacum* L. induction by thidiazuron (TDZ) of direct embryo differentiation from cultured leaf discs. However, there have been reports of problems with conversion of TDZ-induced shoots into complete plantlets, poor elongation of shoots and inadequate rooting.[@R13]^,^[@R14] Moreover regenerants originating from TDZ-induced adventitious shoots in woody plants often tend to be dwarf with shortened internodes.[@R14] Most of the protocols described in these studies have not been successfully used for the gene transformation.

Therefore, the aim of this research was to define the best conditions for direct somatic embryos induction and maturation from leaf discs of *Nicotiana* (*Nicotiana tabacum, N. benthamiyana, N.xanthi, N.t cv petihavana*) by studying the influence of culture media composition, light condition, culture system, and optimizing several key factors to utilize tobacco somatic embryos for *Agrobacterium*-mediated genetic transformation.

Results and Discussion
======================

In the present investigation we have been successful in developing an efficient and highly reproducible protocol for direct SE along with improved *Agrobacterium*-mediated transformation from the leaf discs of four genotypes of *Nicotiana (N. tabacum, N. benthamiyana, N. xanthi, N.t cv petihavana)*. Regeneration of plant via SE provides an excellent opportunity to generate a large number of plantlets in relatively short time duration. This method, although has been reported in many plant species, has been scantily documented for tobacco. In this study, we have optimized an efficient and a highly reproducible protocol for direct SE from the leaf discs of *N. tabacum, N. benthamiyana, N. xanthi* and *N.t cv* petihavana along with the stable transformation.

To generate plants/plantlets, leaf let is considered among the most reliable sources.[@R11] The explants of all genotypes were subcultured in MS medium (2% sucrose) with various combinations of BAP and IAA. The edges of leaf explants became bulged after three days of subculture. The bulged leaf portion later turned into pro embryos. However, most of the somatic embryos were obtained after two weeks of incubation under culture conditions. The highlight of the study is that we have by-passed the intermediate callus phase in generating plants via SE. These somatic embryos matured asynchronously through globular, heart, torpedo and cotyledonary shaped stages ([Fig. 1A--F](#F1){ref-type="fig"}). The development of the heart-shaped embryo was distinguished by the formation of a notch at the periphery ([Fig. 1E](#F1){ref-type="fig"}). All these developmental stages were observed over the entire surface of the leaf. The percentage of embryogenesis was significantly influenced by the concentration of the plant growth hormones used in the medium. In the present study, BAP and IAA were used for embryo induction and development, although somatic embryos emerged on all four media tested. Of all the concentrations tested, per explant maximum number of somatic embryos were generated in the MS medium supplemented with 2.5 mg/l BA + 0.2 mg/l IAA ([Table 1](#T1){ref-type="table"}). No morphological abnormal somatic embryos were detected. The ranges for somatic embryos per explants were varying from genotype to genotype. In case of *N. tobaccum* when BAP alone was used in the media at different concentration (1--5 mg/l) it turned to green callus with no further growth (data not shown). By combining the lower concentrations of both the hormones, BAP (1.5 mg/l) and IAA (0.1 mg/l), gave a maximum of 30 and a minimum of 20 embryos per explants ([Table 1](#T1){ref-type="table"}). Increasing the concentrations of both the hormones combinations (BAP and IAA) proved to increase the yield of somatic embryos per explant. The maximum number of somatic embryos per explant was 80 and minimum was 65 obtained by using 2.5 mg/l BAP and 0.2 mg/l IAA in *N. tabacum*. It was further found that, by using the above concentration (2.5 mg/l BAP and 0.2 mg/l IAA) resulted maximum somatic embryos (70, 70 and 75) in *N. benthamiana*, *N. xanthi* and N.t Petithavana, respectively. Further increased in the concentrations of BAP-3.0 and IAA-0.3 mg/l, was resulted decreased in the number of somatic embryos per explant. Which indicates the negative effect of BAP and IAA on multiplication of somatic embryo induction.

![**Figure 1.** Various stages of direct somatic embryogenesis of *Nicotiana tabacum.*(**A**) Fused globular stage embryos;(**B**) early heart shape stage; (**C**) heart shaped stage; (**D**) early torpedo stage; (**E**) torpedo stage; (**F**) cotyledonary stage. Pictures were taken by Nikon I X -SMZ1500.](psb-8-e24354-g1){#F1}

###### **Table 1.** Effects of different concentrations of plant growth hormones (IAA and BAP) used for direct somatic embryogenesis of *Nicotiana* genotypes in MS medium with 2% sucrose

  ------------------------------------------------------------------------------------------------------------------------
  Genotype                       Plant growth regulators conc.   No. of somatic embryos formed\   Range\          
                                                                 (Mean ± Std dev.)                (Max.-Min.)     
  ------------------------------ ------------------------------- -------------------------------- --------------- --------
  ***Nicotiana. tobaccum***      0.1                             1.5                              24.75 ± 4.112   30- 20

  0.15                           2.0                             40.00 ± 7.071                    45--30          

  0.2                            2.5                             73.25 ± 6.994                    80--65          

  0.25                           3.0                             45.75 ± 7.228                    50--35          

  ***Nicotiana benthamiyana***   0.1                             1.5                              18.75 ± 2.500   20--15

  0.15                           2.0                             33.75 ± 6.291                    40--25          

  0.2                            2.5                             63.75 ± 6.291                    70--55          

  0.25                           3.0                             43.25 ± 5.678                    48--35          

  ***Nicotiana xanthi***         0.1                             1.5                              24.50 ± 3.316   28--20

  0.15                           2.0                             35.75 ± 4.349                    40--30          

  0.2                            2.5                             67 ± 4.7609                      70--60          

  0.25                           3.0                             39.5 ± 4.795                     46--35          

  ***Nicotiana tabacum***\       0.1                             1.5                              17.75 ± 2.061   20--15
  **(cv petithavana)**                                                                                            

  0.15                           2.0                             31.50 ± 3.109                    35--28          

  0.2                            2.5                             69.25 ± 5.377                    75--62          

  0.25                           3.0                             52.00 ± 6.782                    60--45          
  ------------------------------------------------------------------------------------------------------------------------

The conversion of cotyledonary stage embryos to plantlets with well developed root systems (3--4 roots/culture) was attained in all embryos on hormones free MS medium within 7 d. The regenerated plantlets grew into well developed plants under greenhouse conditions. in vitro micropropagation of plants is achieved either by SE or organogenesis. In tobacco, cytokinin mediated induction of shoots via organogenesis is well known.[@R15]^-^[@R17] Earlier, callus cultures maintained on kinetin and under high light intensity have exhibited different stages of SE in *N. tabacum*.[@R18] Later, Stolarz[@R11] (1991) has reported generation of leaf disc cultured somatic embryos from a BAP and NAA supplemented medium. The addition of TDZ in culture media has also been documented to stimulate in vitro tobacco SE.[@R12] However, there were some problems of using TDZ in the culture media, which include the poor shoots elongation and insufficient rooting.[@R13]^,^[@R14] Therefore, we have developed the direct SE without using the TDZ.

*Agrobacterium*-mediated transformation
---------------------------------------

Well matured leaf let were used to carry out in-vitro transformation studies. Sensitivity to antibiotic (hygromycin) selection is a factor that affects our ability to produce fertile transgenic tobacco. To optimize a suitable concentration of hygromycin to select the transformed tobacco somatic embryos, a kill curve experiment was performed on non-transformed explants cultured under conditions similar to the regeneration experiment, using media supplemented with different concentrations of hygromycin (10--50 mg l/l) and tested. Results exhibited a negative correlation between hygromycin concentrations and explant survival. The lethal dose of hygromycin, estimated at 30 mg/l, was chosen for selection of the transformed tissues (data not shown).

Explant was trimmed as earlier described and pre incubated for 2 d ([Fig. 2A](#F2){ref-type="fig"}). The effect of explants pre-culture on tobacco plant transformation is well documented.[@R19] Pre-incubation of cut leaf increases the transformation efficiency as compared with freshly cut leaf tissues. The improvement of transformation efficiency upon pre-incubation was reported in *A. thaliana*,[@R20]^,^[@R21] tomato,[@R22] datura,[@R23] sugar beet,[@R24] watermelon[@R25] and *P. nigra*.[@R26] Exclusion of pre-culture condition, however, did not affect the transformation efficiency in kiwifruit and apple.[@R27] *A. tumefaciens* strain LBA 4404 harboring pCAMBIA1302 vector was used for transformation. An increase of OD \> 1.0 resulted in tissue damage. In almond, a late log phase OD \~0.6 has been reported to be most effective to obtain high rates of transformation.[@R28] The wounding of leaf explants with the sterile fine needle was necessary for inducing transformation in case of tobacco. In case of tea the injury of somatic embryos result lower number of transformation events and tissue browning.[@R29] Similar reports were found in case of walnut.[@R30] AS, a potent *vir* gene inducer, was initially shown to enhance the transformation efficiency of *Agrobacterium* in *A. thaliana*[@R31] and *Glycine max*.[@R32] In the present study we have used 150 mM AS concentration. In case of poplars the AS suppress transformation frequency.[@R33]

![**Figure 2.***Agrobacterium*-mediated genetic transformation of four genotypes of *Nicotiana*. (**A**) Pre culture of explants; (**B**) co-cultivation; (**C**) pre-selection; (**D**) selection; (**E**) maturation of cotyledonary stage embryos; (**F**) elongation and rooting; (**G**) hardening in green house.](psb-8-e24354-g2){#F2}

In several plant species, co-cultivation for 2--7 d has been found to be suitable for *Agrobacterium*-mediated transformation. High-frequency transformation was obtained by co-cultivating ([Fig. 2B](#F2){ref-type="fig"}) tobacco explants, with the disarmed strain (LBA 4404), for 3 d. Co-cultivation for \> 3 d led to a decrease in transformation frequency. The transformation efficiency is known to be influenced by the *Agrobacterium* strain used as well as the co-cultivation medium. Also, effect of the co-cultivation medium's pH has been extensively studied. An acidic pH of 5.5 has been found to effectively induce the *vir* (virulence) genes [@R34]^,^[@R35]^.^ In another study performed using five different strains of *Agrobacterium*, pH of 5.6 was found to be most efficient in causing maximum tumorigenicity in potato leaf discs.[@R36] In our study, however, we obtained maximum transformation efficiency using co-cultivation medium of pH 5.4. It could be argued that an increased time of incubation could have positive influence on of transformation rate, but our study contradicts the statement, as explants showed extensive damage after 40 min of incubation. The agro-infected explants were further transferred into pre-selection medium ([Fig. 2C](#F2){ref-type="fig"}). To inhibit *Agrobacterium* growth, the pre-selection medium was supplemented with 250 mg/l cefatoxime. Later the preselected explants were subjected to 3 rounds of selection medium to select transformed cells ([Fig. 2D](#F2){ref-type="fig"}) with one week interval. The putative transgenic somatic embryos that thrived on the selection medium developed, through the normal stages of embryogenesis (globular, heart-shape, torpedo-shaped stages) ([Fig. 1A--F](#F1){ref-type="fig"}), into green and healthy cotyledonary-staged embryos. These embryos germinated into plantlet in the hygromycin supplemented selection media with proper rotting and morphological character ([Fig. 2E and F](#F2){ref-type="fig"}). The well rooted plants were further transferred to pots where they exhibited healthy growth, normal flowering and seed set ([Fig. 2G](#F2){ref-type="fig"}).

Confirmation of gene integration in the transgenics
---------------------------------------------------

The presence and the expression of the transgene was verified utilizing molecular analysis including histochemical GUS analysis and PCR using *GUS* gene specific primers. A successful transformation event has earlier been verified by PCR analysis in peach tissues.[@R37]^-^[@R39] Earlier the integration of the *GUS* gene in the banana genome was also reported to be confirmed by PCR.[@R40]^--^[@R42] The PCR analysis, performed using total genomic DNA from transgenic as well as the WT tissues (non-transformed), yielded an expected amplification of 500 bp using *GUS* gene specific primers in the transformed plants which was absent in the WT control ([Fig. 3A](#F3){ref-type="fig"}) indicating presence of the *GUS* gene in the transgenic plants.

![**Figure 3.** Histochemical and molecular confirmation of tobacco transgenics. (**A**) PCR analysis of primary transformants using *GUS* gene specific primers. L1, line 1; L2, line 2; L3, line 3; WT, wild type control (non-transgenic); PC, positive control (vector pCAMBIA1301). (**B**) Stable GUS activity in the tobacco transgenics of all the four genotypes.](psb-8-e24354-g3){#F3}

5-bromo-4-chloro-3-indol glucuronide (X-gluc) serves as an efficient substrate for β-glucuronidase. It is proven as an efficient method to monitor integration of the β-glucuronidase gene in tissue and cells and is used as the reporter gene in the binary vector employed in plant transformation. In our study we performed histochemical GUS assay on the hygromycin resistant transformed tobacco tissues.[@R43] The stable GUS activity was checked five weeks after co-cultivating plantlets of all the four transgenic tobacco genotypes with *Agrobacterium*. The results showed a positive GUS expression in all the tested plant lets, which confirmed the successful integration as well as expression of the transgene ([Fig. 3B](#F3){ref-type="fig"}).

Conclusion
==========

We report a highly efficient and reproducible regeneration system without an intervening callus phase based on direct SE for four genotypes of *Nicotiana*. The somatic embryos were initiated from the leaf explants in presence of BAP and IAA but their further maturation was achieved in hormone free MS medium. In addition we have tested this regeneration system for successful *Agrobacterium*-mediated transformation, in all the four genotypes of tobacco, using leaf as explant. The plantlets that successfully survived on hygromycin selection were analyzed for stable gene integration using PCR analysis which was cross-verified using GUS histochemical assay. The plant regeneration and transformation method optimized in the current study presents a simple, efficient and rapid method for the introduction of a transgene directly in tobacco through using SE. Also, the time required to generate plantlets from a leaf pre-culture was shortened to about 40--45 d. The established protocol would also contribute to large-scale vegetative propagation, germplasm conservation and transformation-mediated genetic improvement analysis.

Materials and Methods
=====================

Seed sterilization and germination
----------------------------------

Healthy viable seeds of four different cultivars of tobacco (*Ncotiana tabacum* L, *N*. *benthamiyana*, *N.t* petithavana, *N. xanthl*) were surface-sterilized by rinsing in 70% ethanol for 45 sec and then washed three times in sterile distilled water. Seeds were further disinfected with 0.1% mercuric chloride solution for 45 sec. The sterilant was removed by washing the seeds several times with sterile distilled water then the seeds were blotted dry in Whatman filter paper and the seeds were placed in a Petri dish containing seed germination medium. The seeds were maintained culture room conditions. After 30 d plants with roots were transferred to jam bottles containing same media.

Preparation and culture of explants
-----------------------------------

For all the experiments including transformation 45 d old first pairs of fully expanded leaves were used. The leaves were trimmed in 1 × 1 mm pieces and aseptically placed with the abaxial surface touching the culture medium.

Culture media and growth conditions
-----------------------------------

MS[@R44] with B5 vitamins, 2% (*w/v*) sucrose, 0.03% (*w/v*) phytagel was used in all the experiments. The pH of the medium was adjusted to 5.8 by 1 M NaOH or 1 M HCl before autoclaving at 121°C for 20 min. All plant growth regulators were added after autoclaving the medium. The cultures were incubated at 25 ± 2°C in a culture room with 50 μmol m^−2^ s^−1^ irradiance provided by cool fluorescent lamps and were exposed to a photoperiod of 16 h and 55% relative humidity.

Somatic embryo induction and maturation
---------------------------------------

For the induction of somatic embryo leaf explants were aseptically placed on MS medium with B5 vitamins supplemented with different concentrations of IAA (0.1--0.25 mg/l), BAP (1.5--3 mg/l) with 20 g/l sucrose In order to determine the best concentration to produce direct SE. Cotyledonary stage embryos were transferred to ms medium supplemented with 30 g/l sucrose. Cultures were incubated under the same environmental conditions used for shoot elongation and as well as rooting. Plantlets produced from the rooting stage were transferred from the Jam bottles to pots containing peat moss and sand (1:1). Plastic pots were enveloped in polyethylene bags for few days. Thereafter, bags were removed and maintained under greenhouse conditions.

*Agrobacterium*-mediated transformation protocol
------------------------------------------------

The transformation of four varieties (*Nicotiana tabacum, N. benthamiyana, N. xanthi, N.t cv* petihavana *)* were done by *Agrobacterium*-mediated genetic transformation. The disarmed *A. tumefacies* strain LBA4404, harbouring the binary vector pCAMBIA1301, containing the β glucuronidase (*GUS*) gene and a hygromycin phosphotransferase gene (*hpt*), both driven by the cauliflower mosaic virus (CaMV) 35S promoter, was used for transformation. The *GUS* gene contains an intron in its coding region, in order to ensure that the observed GUS activity occurs in the plant cells and not due to the presence of residual *Agrobacterium* cells. The disarmed *A. tumefacies* strain LBA 4404 (harboring the binary vector pCAMBIA1301) was grown on YEM solid medium containing 50 mg of Kanamycin and 10 mg Rifampicin at 28°C. A single bacterial colony was inoculated into 3 ml of YEM (primary culture) containing the same antibiotics and grown over night on a rotary shaker at 180 rpm at 28°C. An aliquot of 1 ml bacterial suspension was added to 100 ml YEM medium with the additional antibiotics and grown over night. Bacteria were pelleted at 4000 rpm for 5 min and resuspended in liquid MS medium with 200 μM acetosyringone (AS) at a density of 0.8 OD at 600 nm. Re-suspended bacterial cells were shaken (175 rpm) at 28°C for 1 h before use. Pre cultured leaf explants (0.5--1 cm) were collected in sterile Petri dishes under aseptic conditions. Explants were immersed in resuspended *Agrobacterium* culture for 25--30 min with continuous shaking. The *Agrobacterium*-treated explants were then blotted on sterile filter paper and transfer to co-culture medium containing 0.8% agar, for 3 d in the dark at 23--25°C. After co-cultivation leaf explants were planted on pre selection medium later these explants were transferred to regeneration medium containing 250 mg/l cefotaxime 30 mg/l hygromycine was added to select the transformed cells whereas the cefotaxim antibiotic was added to inhibit *Agrobacterium* growth. The cultures were kept in the growth chamber at 26 ± 2°C under 16 h photoperiod of 3000 Lux supplied with cool white fluorescent lamps. Following a four week culture period, with subculturing to fresh medium at eight-day intervals, hygromycine resistant somatic embryos were developed .These embryos were further subcultured in the same regeneration medium for further development. After 3 rounds of selections cotyledonary stage embryos were transferred to the elongation medium they were further rooted in the same medium.

Histochemical assay for the GUS activity
----------------------------------------

The histochemical assay for the expression of *GUS* gene (β-D-Glucuronidase) was performed on the transformed plants by using 5-Bromo-4-chloro-3-indolyl Glucuronide (X-Gluc) as a substrate, as indicated by the established method.[@R43] The putative transformed plantlets were kept in sodium phosphate buffer (50 mM NaPO~4,~ pH6.8) that contain 1% Triton X-100 at 37°C for 1 h and later on, were incubated overnight in a solution containing 1.0 mM × -Gluc 10 mM EDTA, 100 mM NaH~2~PO~4,~ 0.1× TritonX-100 and 50% methnol (pH 5.8). The tissues were washed twice in 99% methanol for 2 h to remove chlorophyll pigment. GUS expression was visually observed and photographed by using sony nex-3 camera.

PCR analysis of *GUS* gene
--------------------------

Samples were collected from four varieties of putative transgenic tobacco plants as well as the corresponding control (non-transformed plants) and subjected to DNA extraction by using CTAB method. The forward and reverse primer sequences (F-5′-GAGGCT AAT TCG GCT ATG ACT G-3′ and, R-5′-ATCGGG AGA GGC GAT ACC GTA-3′ respectively)(Eurofins India) used for PCR amplification of the *GUS* gene. The primers were so designed as to give amplification products of the internal sequence of the *GUS* of 500 bp. The PCR mixture (25 μl) contained 1.5 U Taq DNA polymerase, 10 mM TRIS-HCl (pH = 9.0), 50 mM KCl, 1.5 mM MgCl2, 200 μM of each dNTP, 1 μl of each forward and reverse primer at a final concentration of 10 pmol and 50 ng template DNA. 50 pg of pCAMBIA1301 plasmid DNA was used as a positive control. Samples for enzymatic amplification were subjected to an initial program of one cycle of 95°C for 180 sec followed by 35 cycles of 95°C for 30 sec, 60°C for 30 sec, 72°C for 60 sec. Finally, the reaction mixtures were allowed to complete an additional extension of 10 min at 72°C before rapid cooling to 4°C. The PCR was performed using a thermal cycler bio-rad (Model T100) with the fastest available transitions between temperatures. The amplification products were separated by 1% agarose gel electrophoresis with ethidium bromide solution (0.5 μg/ml) in 1× TAE buffer (0.04 M TRIS-acetate, 1 mM EDTA, pH = 8) at 80 V for 45 min and the gel was photographed under an Alpha innotech Doc System.
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BAP

:   6-benzylaminopurine

IAA

:   indole-3-acetic acid

PGR

:   plant growth regulator

TDZ

:   thidiazuron

AS

:   acetosyringone
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